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ABSTRACT

NRL's Mechanics of Materials Branch has developed a technology that facilitates sensor selection and placement within
a composite structure. The Embedded Sensors for Smart Structures Simulator (ES4 ) is a tool that relates the output of a finite
number of sensors to strain induced structural and material damage. This tool is based on the use of the dissipative part of the
bulk nonlinear material behavior. The methodology used to identify this behavior will be briefly described in the present paper.
This paper describes the role of strain measurements and their relation to sensor type and location, the conceptual framework
of dissipated energy density as the metric employed for assessing material/structure performance. Emphasis is given on the uti-
lization of dissipated energy density for estimating the error between the health of the structure as "seen" by the sensors and the
actual health of the structure. Useful applications of this difference are sensor placement optimization in the case of the design
phase and confidence level measure for the case of an on board simulating capability.
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1. INTRODUCTION

Current research on "Smart" or "Active" materials and structures, in most cases, associates material and structural health
with strains oraderivative quantity. This paper along with our recent work on this field1 '2 promotes the use of Dissipated Energy
Density as a necessary argument to any material/structure health function. The established methodology can help making deci-
sions concerning the required number of sensors, their type and placement, as well as material and structural health monitoring
schemes with emphasis on sensor placement and health error predictions.

The method for the derivation and the usage of dissipated energy density function for a material system makes the following
assumptions:

* The composite material system used for the structure has been identified according to NRL's method of extracting the
nonlinear material behavior of the system, as captured in the form of the dissipated energy density function 3-5.

* Sensor transfer functions (forward and inverse), and calibration data are available.
* The structural loading rates lie within a range over which the dissipated energy density function for the material is deemed

constant for a given loading level.
* The loading condition applied on the structure at any instance, can be always reconstructed as a linear combination of a

given and perhaps large set of basis loading cases.

Some of these assumptions affect the use of dissipated energy density based methodology for assessing health, and some
affect the process of evaluating the global strain field from the sensor outputs. The method has been applied so far only to organic
matrix composites.

The overall strategy followed was motivated by a need to perform the following activities:
* Sensor Network Selection: The selection of sensor type and layout topology.
* Sensor Network Calibration: The calibration of installed sensors.
* Loading Event Simulation: Providing a capability to predict equivalent structural loading from sensor outputs.
* Sensor error prediction.

Realization of these goals, involves resolving a number of technical issues.
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Associated with the sensor utilization scheme are these "how to" issues:
* utilize apriori material and structural knowledge
* provide fault tolerance and economic redundancy
* provide independence from structural size and shape considerations
* predict the material state in areas remote from sensor locations
* select an appropriate measure of "Health" which can be defined in terms of sensor output and which provides a spatially

and temporally continuous assessment of material state that reflects the degree of material damage
* real time computation capability with reasonable computing resources

To address these issues we have developed an approach that first reconstructs the global structural strain field from the sen-
sor network outputs and from that strain field then predicts the local and global structural health.

2. APPROACH

2.1 Potential scenarios

In general, there are at least two ways to describe the embedded sensors expected functionality. According to the most tra-
ditional of these approaches, it is expected that the sensors can only sense the fields of mechanical quantities (i.e. strains, tem-
perature) that excite then in their very close vicinity. In this approach it is also assumed that we know nothing about the
mechanical behavior of the structure of interest and about potential loading conditions. As a consequence, sensors have to be
placed near the areas of interest (where potential damage may occur). Another consequence of this approach is that the number
of required sensors is proportional to the number of locations one is interested to know the material health. This usually leads
to a high number of sensors that may in turn start having an effect on the material behavior of the composite. A detailed view
of using the sensors of localized health evaluation is shown in Figure la.

However, in our case we utilize a second approach that starts with different assumptions about what we know about the
structure and the loading conditions. In this case, we utilize all apriori knowledge we have about the structural behavior under
certain classes of loading the we are calling "basis loading cases". This enables us to precompute and store on memory of the
computing system the strain fields induced on the structure by these loading cases and use them to construct any more complex
loading cases from the linear combinations of the basis loading cases. As result we are free from the localized behavior of the
sensor. According to this scheme the sensors can be utilized to predict the strain fields vary far away from the area that are
placed. This is feasible because in reality it is the whole structure that now behaves like a single distributed sensor whereas the
actual sensors serve as "strain matching sites" that help select/construct the right strain field from the precomputed ones. A sche-
matic of this approaches is shown in Figure lb

2.2. Computation of Sensor Predicted Strains

We assume that the geometric model of the structure can be covered by a mesh of n nodal points as shown in Figure 2.The
applied loading at any given moment can be considered a linear combination of r basis loading cases. Figure 2 shows the struc-
ture under the influence of the bth basis loading case, where the vertical line signifies the amplitude of strain component u at
nodal point i.
The strain field corresponding to the bth basis loading case, Lb is represented by e (Lb) . Where u is the index for strain com-
ponents and i is the index for the nodal point.and their ranges are given by:

ie {1,..n}
ue {1,2,3} (1)
b e {1,...,r}

The strain field induced by an arbitrary loading situation, eu; can then be thought of as that resulting from a linear combi-
nation of the basis strain fields, e.; (Lb) , associated with each one of the basis loadings Lb, according to:

euj = fgj (Lb) ab (2)

Where ab are the proportions contributed by individual basis strain fields, egj (Lb).

The basis strain fields euj (Lb) can be computed once via linear elastic finite element analyses and stored for future use.
The strains given by equation (2) are the ones that the structure will experience when the corresponding loading is applied to
the structure. It is expected that for the general case where grossly asymmetrical sensitivity and/or closeness between basis strain
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(a) (b)

Fig. 1. Localized usage of sensors (a) and distributed usage of sensors (b)

cases exist, the basis will be conditioned by projection into to some acceptable subspace. However, in absence of space we shall
skip this step.

By this method the ab of equation (2) are determined from the sensor outputs.

For the sake of generality we define the sensor output sk at point k to be a function fk of a linear combination of the strains
at all nodes i, weighted by coefficients akui according to the expression

Sk=fk(akL e,;) for (k 1, q} (3)
where q represents the number of sensors used.

This expression captures both nonlinear and linear sensor model behavior. It is obvious here that the coefficients akUi may
play the role of switching on and off the influence of strain components at surrounding nodes, from all to none. Figure 3 shows
the sensor output space relative to the geometry of the structure. In this figure the vertical lines signify the amplitude of the sen-
sor output and the small lines on the plane indicate the sensor direction. This provides freedom in orienting the sensors.

We emphasize here that the sensor location need not be at a nodal point. Expression (3) allows interpolation from the sur-
rounding nodal points. An example of such a model is the Extrinsic Fabry-Perot Interferometer (EFPI) optical fiber sensor with
a transfer function given by 6

Atk = ;. 1; Lea (4)

where the coefficients akUi are functions of the light sources used ( XA, BX, are the wavelengths of the laser sources used) and
geometrical properties of the sensor ( L is the gage length of the EFPI sensor). In the optical fiber case it is always assumed
that only the local strain components are going to affect them. The role of the sensor output is played by the fringe count dif-
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Circumferential i-dir

Fig. 2. Strain space associated with the geometry of the
structure.

ference AO.. In general the coefficients ak~U not only reflect influence of the neighborhood, but also contain calibration infor-
mation for the sensors. The effect of embedding sensors into a material must be determined experimentally. This can be done
by weighting the known transfer function of a sensor for the non-embedded case (as in expression (4)), so that the predicted
strains will agree with the values measured from an independent and known source such as sets of strain gauges.

Computing strains from sensor outputs requires the inverse 9k, (s4 = 1), of the sensor transfer function. Composing both
sides of equation (3) with the inverse function f.t' yields to:

f t (sd) = }jj (Ik-(aku )e.i) )

or
(6)gk (Sk) = akuieg,_

Sensor
Output

Circumferential I-dir

Fig. 3. Sensor output space associated with the geometry
of the structure.
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Introducing equation (3) into equation (6), we obtain the inverse transfer function depending only on the basis loading case
strain fields, i.e.

gk(Sk) = akii (Lb) ab-(7)

Provided the pseudo inverse matrix [akuiebi]P exists, the coefficients a can be determined uniquely from (7) according
to the equation

ab =[aC .. i (Lb) I =k (Sk)* (8)

We can now compute the predicted nodal strains e'., by introducing equation (8) into equation (2):
e ui = eui (Lb) [akUi!?Ui (Lb)] gk (Sk) (9)

The necessary and sufficient conditions for the existence of the pseudoinverse array

tkb = [akaifui (Lb) PI (10)

is that the number of basis loading cases r be equal to or less than the total number of sensors q i.e.
r:q, (11)

and that the array akuiUi (Lb) is non-singular.

To address the problem of using finite computational resources for very high dimensional loading spaces, one employs the
approach of utilizing apriori knowledge about the temporal character of loading conditions, to involve lower dimensioned load-
ing subspaces for finite durations.

2.2. Material Health from Dissipated Energy Density

NRL has developed an approach to characterize strain induced material damage 3-7. This approach was motivated by a need
to model failure behavior in composites on a continuum basis and of relating it to material constitutive behavior. The goal of
such an approach is to permit accurate modeling of the progressive loss of stiffness and concomitant inelastic behavior.

The procedure involves the determination of an energy density dissipationfunction 0 that only depends on the strain vector
E and the material used in the structure, according to:

0 (e, m) = (e,9) = cl (m) X (f) + ... + cm (n?) X, (e) = ci (m) Xi (e), (12)
where, C represents the vector of the material depended coefficients c;, and Xi represents the basis functions depending only on
strains £ and defined at a total of n distinct points distributed over the strain space. Equation (12) can be thought as being an
interpolation function allowing evaluation offon points other than the ones used to define the basis functions.

Its volume integral equals the energy dissipated during loading due to the various internal failure events, and its value at
any point in the material is regarded as a measure of load induced internal damage. The energy dissipation function is connected
through the total energy offered into the system when loaded and the recoverable energy, through the relationship:

lot"qdq" - tuu' = J (e^(xj))dxj (13)

The energy density dissipation function thus captures the collective behavior of these failure mechanisms without requiring
an explicit knowledge of these mechanisms, and, moreover, can also be related to local stiffness changes which characterize
nonlinear structural behavior. The left hand side of equation (13) is known through the automated experimental procedure that
involves the In-Plane-Loader (a three degree of freedom robotic testing machine) 3 5 .The objective of the In-Plane Loader Sys-
tem (IPLS) is to control the rigid body motion of the boundary of the specimen that is held by the movable grip and at the same
time measure the boundary displacements and tractions. Because the actuators are constrained to move in a plane parallel to the
specimen, the resulting motion involves only three degrees of freedom relative to any frame of reference on that plane. The left
hand side of Equation (13) represents the total energy dissipated due to strain induced damage in the entire specimen.

It is important to note here that the grip motion can be resolved into three basic components: sliding Ux, opening/closing
u and rotation co. Specified combinations of actuator displacements, therefore, map into particular combinations of these
three basic motions as shown in Fig. 4(d,e and f).For dimensional homogeneity, u2 is defined as the length of the arc traveled
by a point 1 inch away from the notch tip rigidly connected with the moving grip along the direction of the rotation, instead of
using the actual rotation in radians.
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Fig. 4. Schematic of the equivalence between the (a) actuator motions and (b) the three modes of
motion, as well as (c) the process of composing an arbitrary loading combination, from linear

combinations of the three basic motions: (d) shear, (e) opening/closing and (f) rotation

In order to visualize the loading space it is advantageous to think in terms of a three-dimensional displacement space with
coordinates (u0, ul, u2). The issue then is how to select a representative family of paths that cover the space and how to sample
along each path. It was decided to cover the boundary displacement space with a set of 15 uniformly distributed radial loading
paths as indicated in Fig. 5. Note that because of geometry and material symmetry about the x axis (Fig. 4), only the half-space
corresponding to positive sliding displacement (u0 >0) need be considered. The required set of observation points is generated
by sampling along each path at 50 distinct points starting from 0 mils and terminating at a maximum of 50 mils of displacement
yielding a total of 750 points per material system. Then a particular test in that the actuator motions are continuously varied
corresponds to a specific path in this space. This path can be represented by a vector originating from the origin of the space
and components given by u; = rai for i = 0, 1, 2, where a; are the coordinates of the unit vectors along the loading path di-
rection, and r is a scalar multiple denoting the proportionality of the path and ranging from 0 to 0.05 inches in steps of 0.001
inches corresponding to the successive observation points. Only 15 specimens are required, and 50 observations per loading
path are obtained from a single specimen.

The locus of the end points of all loading paths for the same increment is a half-sphere as shown in Fig. 5, where loading
path 1 at an arbitrary increment is presented as an example.The process of computing the total dissipated energy is presented
in detail elsewhere3 . The dissipated energy computed this way can be considered to be a measured value since it is derived
directly from measured quantities and the only sources of error are from the discrete numerical integration described and the
quantization error of the data acquisition process.

After the appropriate number of tests for each material have been performed, the process of determining the dissipated
energy density function follows. The construction of this function from a sum of basis functions as shown in Eq. (12) reduces
the problem to the determination of the coefficients of these basis functions. This turns out to be a classical optimization problem
with inequality constraints where the objective is to minimize the error between the left and the right hand sides of Eq. (12)
(objective function). This is a standard problem in quadratic programming and is readily solved using well-established numer-
ical techniques. The computed coefficients are subsequently stored in a data base for the material data. After this step the dissi-
pated energy density is fully defined and given a strain field can be evaluated at any point of any structure made of one of the
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Fig. 5. Definition of the proportional loading paths in the boundary displacement space (loading path 1 1 is a
representative case), and the uniform distribution of the 15 paths used in the present methodology.

characterized materials. This activity is the heart of the simulating technology evolved at NRL for the past 5 years.

In the recent years the dissipated energy density function has been used by NRL not only as a measure of local material
softening due to load induced damage, but also as a quantity to describe the non-linear damage response of composite materials
as well as the global softening response of composite structures.

It is therefore very natural to consider that since the dissipated energy density effectively provides a measure of damage,
that the health of the material can be expressed at any point in the structure as a complementary quantity. One can view a situ-
ation, in which the observer of a dissipated energy density contour map on a structure, associates good health of the material at
places of low dissipated energy density. The dissipated energy density at every point in the structure can be computed if the
strains are known. Computing and plotting the dissipated energy density contour or fringe maps over the entire structure thus
becomes a computationally intensive though trivial task.

In the context of the present paper the dissipated energy density can be plotted for the actual strains as computed from the
forward analysis for a given loading condition and then from the sensor predicted strains as they are obtained from equation (9).
Theoretically if condition (1 1) is satisfied the comparison between these two maps should show no difference. However, in the
case of controlled conditions, a variation between the two images may indicate the need for fine tuning of the calibration coef-
ficients for the selected sensor network. It can also be used to select an alternative sensor system and establish its corresponding
calibration in-situ.

2.3. Embedded Sensors for Smart Structures Simulator

To facilitate the process of displaying the dissipated energy density maps in a dynamic fashion, and for a variety of param-
eters that may be dynamically varied by the user, NRL has initiated the development of the ES4 system. This system has been
designed to assist the user in satisfying the objectives described in the introduction.

The components of the simulator and their function have been described in our previous works1 '2 .

The software involved includes both commercial and custom packages, and is currently running in a distributed fashion
over NRL's network of NeXT and SGI workstations and a CRAY YMP/EL. However, there is currently an effort for implement-
ing all functionality on custom applications that run on multiple platforms in order to facilitate distribution. Development of a
single workstation version of the simulator has also started
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3. CASE STUDY AND RESULTS

The selected geometry consists of a cylinder with 8 I-beam stiffening rings that are attached on the internal wall of the cyl-
inder as shown in Fig. 6. Cylinder and stiffeners are made of an AS4/3501-6 25(0)/67(+/-45)/8(90) laminated composite ther-
moset material. The two semi-spherical end caps are made of steel.

x

Fig. 6. Geometry, material and loading specification for intersecting cylinders model.

Three basis loading cases were selected. External hydrostatic pressure to capture the effect of depth, and bending about the
x-axis and y-axis respectively, in order to capture underwater explosion and maneuvering events. Combinations of these three
cases represent a large class of actual loading events. Figure 7 shows a representative dissipated energy density distribution
when hydrostatic pressure has been applied on the structure. The strain field has been computed by using ABAQUS 5.2. All
nodes of the finite element mesh that lie on the intersection of the upper right end of the cylinder with the end cap have been
chosen to be fixed for all six degrees of freedom. The procedure followed to obtain this map was the one indicated by the lower
part of Fig. 8 where the concept of computing the error between sensor-predicted and actual health by using the ES4 simulator
is described schematically.

In order to demonstrate the utilization of the diagram shown in Fig. 8, we shall explore the case where the sensors have
been "trained" to "see" strain fields caused by linear combinations of only two of the basis loading cases namely pressure and
bending about the y-axis (lateral point loading on the tip of the free end cap along the x-axis), while an actual load that includes
a component of bending about the x-axis (lateral point loading on the tip of the free end cap along the y-axis), is applied on the
structure. Here, "trained" means that the procedure of computing the array given in Eq. (10) has been applied for r=q=2 (which
means that only two sensors are needed and that the basis loading cases are actually two as well).

Figure 9 shows the loading space spanned by the three basis loading cases. The labels for the loading cases in figure 8 have
been chosen to indicate the participation of the three basis cases with "+" or "-" depending on the sense, and the absence with
"O".~
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Fig. 8. Computation of error between sensor-predicted and actual
health by the use of the ES4 tool.
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Fig. 9. Basis and combined loading paths embedded in
the loading space.

The first position on the label represents the pressure loading case, the second and the third represent the bending loading
about the x- and y-axes respectively. To describe the situation between the actual and the predicted health schematically, we
present the loading situation described in the previous paragraph, in the loading space shown in Fig. 9. Thus, Pressure" and
"Lx" are the two loading cases that the sensor methodology described in section 2 is aware of. Therefore, the two or more re-
quired sensors can only predict strain fields on the structure that are induced from loading conditions that can only be linear
combinations of these two components and always are embedded in the "pressure-Lx" plane. When an actual load that includes
a component along the third axis of the loading space (namely the Ly axis) is applied on the structure, the sensors will only "see"
the projection of this load vector on the "pressure/Lx" plane. As a consequence, an erroneous prediction of the sensed strain
field and accordingly of the dissipated energy density will be generated. An application of this process for an actual loading of
40 psi hydrostatic pressure, 250 lb force along the Lx axis, and 250 lb force along the Ly axis has been employed. By using the
ES tools to perform the activities on the upper path of the diagram in figure 6 we computed the dissipated energy density dis-
tribution that actually corresponds to a sensed loading vector of 40 psi pressure and 250 lb force along the Lx axis, as shown in
Figure 7. Then the actual strain field and dissipated energy density distributions were computed by employing the activities
shown in the lower part of Fig. 8

Figure 10 shows the top and bottom view distributions of the errors for the case of the dissipated energy density distribution
(a) and the case of the root mean square error of strain (b). The RMS error of strains was used as a function that reduces the tree
components of strain to a scalar value that can be used to display the combined differences between actual and sensor-predicted
strain fields. Any other function can be used to satisfy additional needs of the ES4 user. By comparing the distributions of dis-
sipated energy density and RMS strain one can observe that the RMS of strains distribution presents very sharp spatial variations
from one level of error to another and extend from 0 to 100% error. On the other hand, the dissipated energy density distribution
presents smoother variation of error from one level to another and extends from o to 70% error. It therefore generates a much
less dramatic error variation with a lesser critical value that indicates a more forgiving character that of the RMS of strains, when
considered as a measure of health.
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An interesting outcome of this methodology for sensor usage, is that there are areas that the error is very low regardless of
the fact that the actual loading is very different from the one the sensors expect. This constitutes the basis of setting up an opti-
mization scheme that attempts minimization of the distributed error and determines the appropriate values of the sensor topol-
ogy characterization variables that are introduced through the Eq. (3) via the coefficients ak;.i A random hill climb with reversal
methodology is being currently under its initial implementation at NRL for optimizing sensor location on the basis of this pro-
cedure.

Another use of this methodology involves real time estimation of the error in health prediction (for the case of an on board
system deployed in actual composite structures), provided an independent way for establishing the actual loading on the struc-
ture is in place.
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Fig. 10. Top and bottom views of the distributions of dissipated energy density error (a)
and the root mean square of strains error (b)
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4. DISCUSSION AND CONCLUSIONS

The proposed methodology facilitates the selecting of appropriate sensor types and in their number and placement. Select-
ing the kind of needed sensors can be a function of many issues that the designer may wish to address. This approach can aid
the designer in making decisions about sensor sensitivity and dynamic range.

Selecting the number of required sensors can also be facilitated by our approach. Since it has been established by equation
11 that the number of required sensors has to be at least as large as the number of the expected loading basis cases, the problem
has been reduced to deciding the degree of redundancy needed for a specified fault tolerance. A redundant sensor system can
be implemented to allow strain prediction recovery in case of sensor fault, partial or total sensor incapacitation. The sensor sim-
ulator module provides the designer with the capability of performing "what-if' studies of prediction deterioration as a function
of varying degrees of redundancy and varying degrees of sensor incapacitation. Performing sensor network calibration may now
be greatly enhanced by virtue of the fact that with appropriate simple experiments the coefficients ak~i can be determined in a
way which accounts for all of the effects mentioned above, and without specific knowledge of the micromechanical effects. This
is done by requiring the sensor detected strains be as close as possible to the actual ones. Through the linear elastic analyses that
associate the basis loading cases with the basis strain cases and relations (2) and (9) the loading condition can be reconstructed
from the sensor output. Plans exist to extend the structural simulator so as to include a loading event module that can be set to
display in terms of actual independent loading events (i.e. underwater depth variation, or depth charge parameter variation).

Prediction of material/structural health depends on the determination of a of a function that maps the dissipated energy den-
sity distribution of the smart structure, to the value space of those empowered to say when the structure is or isn't performing
its task. We do not pretend to offer this function; only potentially an environment in which it may be determined (i.e. a concept
formation laboratory).

Finally, the error between the sensor-predicted health and the actual health of the structure and the material can be generated
to provide a measure of confidence of the prediction (especially for on-board installations). It can also be used as an objective
function that leads to optimizing the position and the architectural characteristics of the sensor layup.
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